Introduction {#Sec1}
============

Infection and venous thromboembolic (VTE) events are independently associated with worse outcomes after intracerebral hemorrhage (ICH). The association between infection and subsequent VTE in ICH patients is unclear. Patients with ICH are often immobile, placing them at increased risk for venous stasis and thrombotic events. Immobility is also a risk factor for some types of infection, such as pneumonia and decubitus ulcer infections. VTE occurs in 2--9% of patients hospitalized with ICH \[[@CR1]--[@CR3]\], with an associated mortality of 26% when left untreated \[[@CR3]\]. Less than 20% of patients with ICH are started on prophylactic anticoagulation (AC) \[[@CR4]\] during their hospital stay, despite demonstration in meta-analyses of benefit from both initiation of VTE chemoprophylaxis \[[@CR5]\] and resumption of therapeutic AC \[[@CR6]\].

Infection is a known risk factor for thrombotic events in non ICH patients \[[@CR7]--[@CR9]\], possibly due to activation of the coagulation cascade by inflammatory mediators \[[@CR10], [@CR11]\]. Infections occur in about 20--30% of patients admitted for ICH \[[@CR12], [@CR13]\]. Nosocomial infections in ICH patients are associated with hematoma volume, lower Glasgow Coma Scale (GCS), and deep location \[[@CR11]--[@CR13]\]. Infection in ICH patients is associated with greater discharge mortality and worse 90-day outcomes \[[@CR11]--[@CR13]\]. There has been some exploration into the association between infection and VTE occurrence in ICH patients \[[@CR13]\]. The role of infection on timing of subsequent VTE risk during hospitalization for ICH patients has not been investigated. The relationship between type of infection and VTE occurrence is currently unknown in this population.

We hypothesized there would be an association between infection, infection subtypes, and subsequent VTE during ICH hospitalization. We further aimed to clarify the role of infection on timing of future VTE, as well as the relationship between infection type and VTE occurrence.

Methods {#Sec2}
=======

We performed a retrospective cohort study using data prospectively collected for ICH patients admitted to Columbia University Irving Medical Center as part of the ICH Outcomes Project. Consecutive primary ICH patients admitted between 2009 and 2018 were included. We excluded secondary etiologies of ICH (ICH secondary to underlying malignancy, vascular malformation, and hemorrhagic conversion following an ischemic stroke). Additionally, ICH patients with systemic coagulopathy (admission INR \> 2.0 or platelet count \< 50 × 10^3^/μL) as defined by SMASH-U criteria \[[@CR14]\], prior VTE, or prior use of AC were excluded to best address infection exposure on incident VTE. Patients with early withdrawal of care or mortality within 24 h were excluded to avoid survival bias \[[@CR7]\]. DVT chemoprophylaxis was started at the discretion of the attending physician in accordance with national guidelines \[[@CR15]\] and institutional practice, typically 24--48 h from after evidence of hemorrhage stability proven by imaging.

Measurements {#Sec3}
------------

Baseline demographics, medical comorbidities, and clinical and radiographic ICH characteristics were recorded. ICH volume was obtained using semiautomatic hematoma size measurement software (Medical Imaging Processing, Analysis and Visualization software, National Institute of Health \[NIH\]). Severity scores including admission GCS, NIH Stroke Scale, and ICH score \[[@CR16]\] were calculated at the time of admission for each patient by the admitting practitioner. Comorbid diseases and admission laboratories and data were also collected. Length of hospital stay (LOS) was calculated from NICU admission to hospital discharge.

Infection following ICH was our primary predictor variable and was defined as a composite event of blood stream infection (BSI), *Clostridium difficile* (*C. difficile*), cellulitis or skin infection, pneumonia, urinary tract infection (UTI), or ventriculitis/meningitis. Hospital complications were recorded prospectively at the time of complication. These events were defined as per guideline criteria \[[@CR17]--[@CR21]\], and were further adjudicated in weekly meetings by a group of study physicians and coordinators. A diagnosis of BSI required culture positivity from sterile blood cultures. Gastrointestinal infection required the presence of diarrhea and PCR positivity for *C. difficile* \[[@CR18]\]. Respiratory infections were defined as pneumonia in the setting of a combination of fever, leukocytosis, increased pulmonary secretions, increased oxygen requirements, focal consolidation on chest X-ray, and culture positive bronchial alveolar lavage when available \[[@CR19]\]. UTI diagnosis was made in the setting of inflammatory urinalysis that reflexed to culture with positive bacteria \[[@CR20]\]. Ventriculitis/meningitis diagnosis required cerebral spinal fluid with the combination of elevated white cell count, low glucose, elevated CSF lactate, and culture positivity \[[@CR21]\]. The date of complication was documented as the date of collection of a positive culture or the date of clinical suspicion and initiation of antibiotics in the absence of culture data. Time to infection was calculated as NICU admission day to date of complication. Infections that occurred prior to incident ICH were not recorded. Patients who had the first infection diagnosed after their VTE event were categorized as having no infection prior to VTE.

The primary outcome was first VTE defined as deep venous thrombosis (DVT) and/or pulmonary embolism (PE). Diagnosis was made following clinical suspicion and confirmed with the appropriate imaging modality. Baseline VTE screening on admission did not occur. We did exclude patients with a history of VTE or hx of AC use to reduce likelihood of patients with underlying VTE prior to ICH event. Two independent reviewers reviewed charts for the presence of VTE as defined by positive imaging: Doppler ultrasound of extremity for DVT, and either CT angiogram of the chest or VQ scans for PE. Discrepancies were adjudicated by a third review. The date of VTE was documented by the date of confirmed DVT or PE by final imaging interpretation by an attending radiologist. Time to VTE was calculated as NICU admission day to date of complication.

Statistical Methods {#Sec4}
-------------------

Intergroup differences were explored via univariate analysis with Pearson's *χ*^2^ test for categorical variables and the Student's *t* test for normally distributed continuous variables and Wilcoxon rank sum test when non-normally distributed. Adjusted logistic regression was performed to assess the association of infection to future VTE after adjusting for the following covariates chosen a priori: time to DVT prophylaxis, LOS, as well as ICH severity using ICH score. Logistic regression modeling was also used to study the relationship between infection type and thrombotic events, after adjusting for similar covariates. Significant intergroup differences thought to be potential confounders were also included into the model in sensitivity analyses. *p* values were two-tailed and *p *\< 0.05 was considered significant. Analyses were performed using SPSS (version 25). We used the STROBE cohort checklist when writing our report \[[@CR22]\].

Results {#Sec5}
=======

Description of Cohort {#Sec6}
---------------------

Of 738 patients admitted with ICH, 414 patients were included for analyses (Fig. [1](#Fig1){ref-type="fig"}). Of these, 181 (44%) of patients carried a diagnosis of infection. Patients with infections during hospitalization presented with larger hematoma volumes and lower admission GCS (Table [1](#Tab1){ref-type="table"}). There were more surgical evacuations of ICH in patients with infection. Hospital LOS was longer in patients who developed an infection. There were no other demographic differences between groups.Fig. 1Patient selection and screening. *ICH* Intracerebral hemorrhage, *ICHOP* intracerebral hemorrhage outcomes project, *DVT* deep vein thrombosis, *PE* pulmonary embolism, *AC* anticoagulationTable 1Characteristics of patients, stratified by infectionTotal (*N* = 414)Infection (*N* = 181)No infection (*N* = 233)*p* valueDemographics Age, mean (SD)65 (16)65 (16)65 (16)0.95 Female^a^192 (47)93 (51)99 (42)0.07Ethnicity^b^ Caucasian107 (26)53 (30)54 (23)0.15Comorbidities Atrial fibrillation/arrhythmia13 (3)7 (4)6 (3)0.45 Diabetes101 (25)50 (28)51 (23)0.2 Hypercholesteremia116 (28)46 (25)70 (30)0.3 Hypertension332 (80)144 (79)188 (81)0.8Admission severity scores GCS, median (IQR)12 (7--15)9 (7--13)14 (9--15)**\< 0.001** Hematoma volume, median (IQR)13 (4--31)19 (7--39)8 (3--23)**\< 0.001** ICH score, median (IQR)1 (1--2)2 (1--3)1 (1--2)**\< 0.05**ICH location^c^ Lobar178 (50)74 (45)104 (55)0.06 Deep242 (61)114 (66)187 (58)0.1 Infratentorial47 (12)18 (10)29 (13)0.4Admission temp, mean (SD)37 (5)37 (2)37 (6)0.53Admission labs PTT, mean (SD)29 (5)29 (6)28 (4)0.52 PT, mean (SD)13 (2)13 (2)13 (2)0.45 Fibrinogen, mean (SD)523 (187)542 (193)487 (173)0.33Surgical evacuation44 (10)29 (16)15 (6)**\< 0.01**Admission to infection, median days (IQR)4 (2--7)4 (2--7)Time to first administration of DVT Prophylaxis, median days (IQR)3 (2--4)3 (2--4)2 (2--3)**\< 0.001**Hospital LOS, median days (IQR)9 (5--21)19 (9--31)6 (4--11)**\< 0.001**Bold values indicate significance*DVT* Deep venous thrombosis, *GCS* Glasgow coma scale, *ICH* intracerebral hemorrhage, *IQR* interquartile range, *LOS* length of stay, *PT* prothrombin time, *PTT* partial thromboplastin time, *SD* standard deviation^a^Data are presented as number (%) unless otherwise specified^b^Self-reported by patients or their surrogates. Missing race/ethnicity data in 6% of patients^c^Numbers do not sum to group totals because of overlap in location

Incident VTE was diagnosed in 36 (9%) patients, which were largely comprised of DVT (*n* = 32; 89% of VTE). There were no differences in median days \[IQR\] to DVT prophylaxis initiation in patients who went on to have a VTE (3\[2--4\]) versus those who did not (3\[2--3\], *p* = 0.1). Only seven (2%) patients had VTE without preceding infection. Infection occurred without subsequent VTE in 153 (36%) patients. Infection and VTE occurred together in 29 (7%) patients. Of the total cohort, 225 (54%) patients were free of both VTE and infectious complications. Only 54 (13%) infections occurred prior to initiation of DVT prophylaxis. There was only one (0.2%) VTE found prior to initiation of DVT prophylaxis. Median \[IQR\] days from infection to VTE was 12 \[6--18\].

Association of Infection with VTE {#Sec7}
---------------------------------

In the crude logistic regression model, infection was strongly associated with VTE (odds ratio \[OR\] 5.1, 95% confidence interval (CI) 2.3--11.6; Table [2](#Tab2){ref-type="table"}). Adjusting for disease severity, LOS, and days to DVT prophylaxis initiation, there continued to be an association with any infection and VTE (adjusted OR 4.5, 95% CI 1.6--12.6).Table 2Infection and venous thromboembolismTotal\
*N* = 414 (%)VTE (*N* = 36)No VTE (*N* = 378)Crude ORAdjusted OR(95% CI)^b^(95% CI)^c^Any infection^a^181 (44)28 (78)153 (41)**5.1 (2.3--11.6)4.5 (1.6--12.6)**Blood stream infection^d^23 (6)8 (22)15 (4)**6.9 (2.7--17.7)4.0 (1.3--11.6)**Pneumonia103 (26)22 (61)81 (22)**5.7 (2.8--11.7)3.4 (1.5--7.8)**Urinary tract infection92 (23)11 (31)81 (21)1.6 (0.8--3.4)1.7 (0.7--3.8)Other^e^37 (9)4 (11)33 (8)1.3 (0.4--3.9)1.0 (0.3--3.1)Bold values indicate significance*CI* Confidence interval, *DVT* deep venous thrombosis, *ICH* intracerebral hemorrhage, *LOS* length of stay, *OR* odds ratio, *VTE* venous thromboembolism^a^Data are presented as number (%) unless otherwise specified^b^Univariate analysis, Pearson's Chi-square^c^Multivariable logistic regression adjusting for ICH Score, LOS and days to first administration of DVT prophylaxis^d^Numbers do not sum to group totals because of overlap in infection type^e^Other; *Clostridium Difficile*, Cellulitis or Ventriculitis/Meningitis

Association of Infection Subtype with VTE {#Sec8}
-----------------------------------------

We did find a significant association between respiratory infection and VTE in crude logistic modeling (OR 5.7, 95% CI 2.8--11.7) and after adjusting for disease severity, LOS, and days to DVT prophylaxis initiation (adjusted OR 5.7, 95% CI 2.8--11.7) (Table [2](#Tab2){ref-type="table"}). There was also an association between BSI and VTE in crude analysis (OR 6.9; 95% CI 2.7--17.7) and after adjusting for disease severity, LOS, and days to DVT prophylaxis initiation (adjusted OR 4.0, 95% CI 1.3--11.0). UTI, cellulitis, *C. difficile*, meningitis, and ventriculitis were not associated with future VTE.

Sensitivity Analysis {#Sec9}
--------------------

Given that there were significant intergroup differences in ICH volume and admission GCS, separate sensitivity analyses using these two covariates instead of ICH score were performed. Inclusion of ICH volume or admission GCS instead of ICH score did not change the association between any infection and future VTE (OR 4.4; 95% CI 1.6--12.2). Additional sensitivity analyses including surgical evacuation as a covariate did not change the association of infection on subsequent VTE (OR 4.5; 95% CI 1.6--12.5). Similarly, when performing sensitivity analyses adjusting for intergroup differences of lobar ICH location and female sex, we did not note a change in the association of infection and future VTE (OR 5.5; 95% CI 1. 7--16.0).

Discussion {#Sec10}
==========

We identified an association of infection as well as specific infection subtypes with subsequent VTE after ICH. This is one of the largest cohorts used to examine the relationship between VTE and infection in ICH using prospective data collection. This is similar to findings from other patient populations \[[@CR7]\] although most prior studies in ICH patients demonstrating risk factors for VTE did not analyze the effect of infection \[[@CR3], [@CR23]--[@CR25]\]. Previous studies that did find associations between infection and VTE did not look at infection subtype, did not account for time between infection and VTE, and did not account for patients who developed VTE prior to infection \[[@CR1], [@CR11]--[@CR13], [@CR26]\].

Longer LOS, sicker patients, lower GCS, and surgical interventions are all risk factors for infections. Subsequently, investigating the relationship between infection and VTE is complicated, as both disease severity \[[@CR12]\] and LOS \[[@CR13]\] are individually associated with both infection and VTE. We included LOS and markers of disease severity (ICH score) as an adjustment variable in our regression model to account for these factors. It is worth noting that there were no differences in times to pharmacologic DVT prophylaxis between groups. And in parallel, the vast majority of patients who developed DVT encountered this complication outcome after the initiation of pharmacologic DVT prophylaxis. Our median \[IQR\] days to initiation of DVT prophylaxis was 3 \[2--4\] days and most likely reflects our center's practice of initiating DVT prophylaxis 24--48 h from hemorrhage stability on follow-up imaging. Assessment for hematoma expansion was beyond the scope of this study, but with longer times to image stability, one might hypothesize that these patients had a higher than expected time to stability. Further studies are in order to determine the biologic association between hematoma expansion and increased thrombotic risk.

While the longer LOS in more severe ICH patients likely contributes to increased opportunities for nosocomial infections, more severe ICH patients are also at increased risk for infection such as pneumonia in the setting of aspiration. While we attempted to control for admission clinical severity scores and LOS in our model to determine independent association between infection and subsequent DVT/PE event, it is possible that our findings may reflect the known relationship that more severe ICH injury has with greater risk for infection during hospitalization \[[@CR12]\].

If there is indeed a relationship of infection with VTE independent of clinical severity and LOS, the mechanism for this association is uncertain. It could be a marker of underlying medical illness or a marker of the pro-inflammatory cascade leading to downstream endothelial dysfunction and thrombosis risk. It is known that both ischemic and hemorrhagic stroke induce local inflammation \[[@CR10], [@CR11], [@CR27]\], and it is possible that subsequent infection further triggers inflammatory responses, leading to excessive activation of coagulation \[[@CR9], [@CR28]\] and impairment of fibrinolysis \[[@CR29]\] resulting in massive thrombin formation and fibrin deposition \[[@CR8]\] and microvascular thrombosis. Infection, and notably sepsis, induces a marked pro-inflammatory and prothrombotic systemic environment \[[@CR28]\]. These inflammatory mechanisms might explain the higher incidence of VTE in patients admitted with sepsis despite receiving guideline-recommended VTE prophylaxis \[[@CR7]\].

Though our study strengths include prospectively collected data, consensus adjudication of complications (both infection and VTE), and a single-center cohort that uses a relatively homogenous diagnostic and treatment protocol for ICH and its complications, there are several notable limitations worth mentioning. The generalizability of the findings is limited given the single-center cohort and low numbers of VTEs in this study. The retrospective analysis created some limitation in accounting completely for comorbidities not initially collected. This study was also limited by the inclusion of only symptomatic VTE. Future studies that screen for both infection and VTE in all patients should be considered in order to identify and clarify the biologic link between infection and VTE. Additionally, the timing data regarding both infection and VTE onset were difficult to determine with certainty. Thus, the chronology between infection and VTE is somewhat speculative; however, the adjudication of hospital complications by group consensus helped mitigate this limitation. Furthermore, while the use of the date of diagnosis of infection and VTE rather than date of clinical suspicion may be seen as a limitation, using the latter would have most likely resulted in a shortened time to event and would most likely have strengthened the model. Further investigation is warranted to clarify the biologic drivers behind the association of infection and subsequent VTE as well as why particular infection types such as pulmonary and hematologic infection impact downstream VTE occurrence over others. Our findings could suggest the importance of adoption of early infection control practices not only in preventing infection, but in potentially preventing downstream VTE. However, further study into the impact on VTE utilizing specific techniques such as minimizing ventilator time with early weaning protocols, early Foley removal, minimizing use of CVCs, and early physical therapy including ambulation of patients even when ventilated would be informative for this cause. Conversely, further work is required to evaluate whether the development of infection necessitates not only the early initiation of pharmacologic DVT prophylaxis to prevent VTE in this high-risk patient population, but perhaps a more optimal dose. The inflammatory cascade set in motion in response to infection might be particularly damaging to this fragile population and perhaps earlier and more aggressive strategies for VTE prevention should be considered in ICH patients in the setting of infection.
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